One sentence summary: The study aimed to identify unique Mtb secreted proteins from the extensively drug resistant Mtb F15/LAM4/KZN phage secretome library. Based on phage DNA sequencing bioinformatics tools and databases, ten proteins essential for in vivo growth and survival of Mtb (Nrp, PssA, MmpL5, SirA, GatB, EspA, TopA, EccCa1, 38 Rv1634 and Rv3103c) were identified. Editor: Patrick Brennan
INTRODUCTION
Mycobacterium tuberculosis, the causative agent of tuberculosis (TB), is harbored asymptomatically by one-third of the world's population. In 2014, approximately 10.4 million new infections and 1.8 million deaths were recorded globally (WHO 2016) . The emergence and spread of multidrug-resistant and extensively drug-resistant (MDR/XDR) strains of M. tuberculosis as well as high human immunodeficiency virus (HIV) co-infection rates (WHO 2016) have complicated the fight against TB. Improved management of TB transmission can be achieved by early and rapid detection, and timely administration of effective TB treatment. The slow progress in the development of rapid point-ofcare diagnostic assays, new drugs, vaccines and immunotherapeutic agents has largely been due to the availability of only a few, novel M. tuberculosis-derived biomarkers (Wallis et al. 2013) . Mycobacterium tuberculosis proteins secreted into the bacterium's surrounding environment play an important role in host-pathogen interaction and can be ideal candidate biomarkers for the development of new drugs, vaccines and for use in diagnosis (Andersen et al. 1991; Harth and Horwitz 1999) . Preferably, a biomarker should be easily accessible as a target for effective, less invasive sampling for diagnosis and/or therapeutic interventions.
Mycobacterium tuberculosis secrete a variety of extracellular virulence factors that play a role in adhesion and invasion of host target cells using various secretion pathways (Harth and Horwitz 1999; Bendtsen et al. 2005a; Abdallah et al. 2006) . The unique cell wall and the associated extracellular virulence factors have been credited for the success of this pathogen (Champion and Cox 2007) and may represent ideal candidates for the development of new drugs, vaccines and TB diagnostics. The main M. tuberculosis protein secretory pathways are the Sec-dependent and twin-arginine translocation (Tat) pathways (Ligon, Hayden and Braunstein 2012) . Two specialized protein secretion systems, the SecA2-dependent and the type VII secretion system or ESX, are also present in M. tuberculosis (Bendtsen et al. 2005a; Thakur et al. 2016) . The ESX system is responsible for secretion of small virulence proteins, such as the early secreted antigenic target of 6 kDa (ESAT-6) and culture filtrate protein of 10 kDa (CFP-10). Mycobacterium tuberculosis contains the genetic information for five type VII secretion systems (ESX-1, ESX-2, ESX-3, ESX-4 and ESX-5) (Gey van Pittius et al. 2006) , suggesting the importance of Sec-independent protein secretion for this pathogen.
Generally, mass spectrometry-based methods are used to study M. tuberculosis-secreted proteins in culture filtrate (Ge et al. 2003; de Souza et al. 2011; Zheng et al. 2013) . While these methods have been highly effective, their main limitation is inconsistent protein expression owing to varying environmental growth conditions and the inability to detect proteins expressed at low concentrations (Forrellad et al. 2013) . Therefore, the phage display method offers a good alternative for bacterial secretome repertoire analysis Rosander et al. 2003; Wall et al. 2003; Karlström et al. 2004; Jankovic et al. 2007; Rosander et al. 2011; Gagic et al. 2013) . In 2011, the M. tuberculosis H37Rv phage secretome library was used to identify six immunogenic proteins [MPT64 (Rv1980c), Ag85B (Rv1886c), cpsA (Rv3484), LpqA (Rv3016), PapA2 (Rv3820c) and EsxO (Rv2346c)] with potential as vaccine or diagnostic candidates (Liu et al. 2011 (Liu et al. , 2013 .
Since the availability of the M. tuberculosis H37Rv complete genome sequence (Cole et al. 1998) , many in vitro and in silico studies have been conducted to analyze expression, identify open reading frames (ORFs) and predict their potential functions. However, the laboratory strain H37Rv has been reported to accumulate adaptation changes during repeated passage in culture, resulting in phenotypic alterations and partial attenuation (Ioerger et al. 2010; Mehaffy et al. 2010) . Thus, the varying degree of pathogenicity among clinical M. tuberculosis strains (Palanisamy et al. 2009 ), the phenotypic changes observed in the H37Rv strain (Devasundaram and Raja 2016) , and the threat posed by the emergence of highly transmissible MDR/XDR strains (Pillay and Sturm 2007; Peters et al. 2016) indicate a need to study clinically relevant strains that may provide more insight into wild-type virulent behavior (Palanisamy et al. 2009; Devasundaram and Raja 2016) .
The current study's aim was to identify appropriate M. tuberculosis-derived diagnostic and drug target candidate protein biomarkers. The phage display method was used to construct a whole genome phage library of XDR M. tuberculosis F15/LAM4/KZN genomic DNA fragments. A phage secretome sub-library of 8 × 10 3 clones was generated and sequence analysis was performed on randomly selected clones. The encoded ORFs were identified from the M. tuberculosis comparative database. Different bioinformatic tools, gene enrichment analysis and other databases were used to deduce essential and virulence-associated M. tuberculosis protein biomarkers. The identified secretory protein biomarkers may have potential as diagnostic biomarkers, vaccine candidates and targets for immunotherapeutic agents and drug discovery. 
MATERIALS AND METHODS

Mycobacterium tuberculosis whole genome library construction
Genomic DNA fragments of the XDR M. tuberculosis F15/LAM4/KZN strain were used to construct a phage secretory protein repertoire library in the pDJ01 phage display system (Jankovic et al. 2007) . The minimum size of the library required to represent the whole M. tuberculosis genome was calculated using the following formula :
Where:
P is the desired probability f is the fractional proportion of the genome in a single recombinant N is the necessary number of recombinants Genomic DNA was extracted using a modified sodium chloride-cetyl trimethyl-ammonium bromide (CTAB-NaCl) method (van Soolingen et al. 1994 
Mycobacterium tuberculosis phage secretome sub-library preparation
The phage display secretome library was prepared as follows: 1 mL of whole genome library stock culture was inoculated into 25 mL of 2xTY-Cm. The exponentially growing culture (OD 600 0.2) was infected with helper phage VCSM13d3 [phage to bacterium multiplicity of infection (MOI) = 50:1] for 1 h at 37 • C. Cells were centrifuged and the pellet re-suspended in 250 mL of 2xYT-Cm with 50 μg mL −1 kanamycin and incubated for 4 h at 37
After centrifugation at 10 000 × g for 20 min, phagemid particles in the supernatant were precipitated with 5% (w/v) PEG/0.5 mol L −1 NaCl overnight at 4
• C. The phagemid particles were centrifuged and the pellet re-suspended in TN buffer (10 mmol L −1
Tris-HCl pH 7.6; 50 mmol L −1 NaCl). Defective phagemid particles were eliminated by treatment of the phagemid suspension (1 × 10 12 CFU mL −1 ) with sarcosyl at a final concentration of 0.1% (w/v), followed by DNase I (100 U) in the presence of 5 mmol L −1 MgCl 2 , and then inactivated by EDTA (20 mmol L −1 ).
The remaining sarcosyl-resistant phage particles were precipitated with PEG/NaCl solution as above. For preparation of the secretome sub-library, the single-stranded (ss) DNA was extracted from sarcosyl-resistant phagemid particles by first incubating at 70
• C for 10 min in the presence of 1.2% (w/v) SDS. The phenolchloroform DNA isolation method was used for further purification of ssDNA (Su, Venkatesh and Bodmer 1998) . The surface protein library was amplified by transforming the ssDNA into E. coli TG1 that was grown on 2xYT-Cm plates overnight at 37
• C.
DNA sequencing
The recombinant phage DNA of randomly selected clones was sequenced at Inqaba Biotechnical Industries (Pty) Ltd (Hatfield, Pretoria, South Africa) using the primer set flanking the vector cloning site, pDJ01R02 (5 -CCGGAAACGTCACCAATGAA-3 ) and pDJF03 (5 -ATGTTGCTGTTGATTCTTCA-3 ). The DNA sequences were analyzed using the CLCBio Workbench (v. 2.0) (QIAGEN Bioinformatics, Hilden, Germany).
TubercuList, signal peptide and transmembrane prediction
BLAST analysis of the nucleotide sequences against the M. tuberculosis comparative database was performed to retrieve encoded open reading frames (ORFs). The TubercuList database (http://tuberculist.epfl.ch/) was used to determine functional categories of identified proteins (Lew et al. 2011) . Unknown proteins not documented on the TubercuList database were placed in the unknown functional category. For prediction of Sec-dependent and Tat-dependent amino terminal signal peptide for secretion, SignalP 4.1 and TatP 1.0 were used (Bendtsen et al. 2005b; Petersen et al. 2011) . SecretomeP 2.0 was used for prediction of non-classical secreted proteins (Bendtsen et al. 2005a) , and transmembrane proteins were predicted using TMHMM 2.0 (Krogh et al. 2001) . LipoP 1.0 was used for prediction of lipoprotein signal peptide (Rahman et al. 2008) . All software are freely available from the Center for Biological Sequence Analysis at the Technical University of Denmark (http://www.cbs.dtu.dk/services). Alternative software, PRED-SIGNAL and PRED-TAT were used for supplementary analysis to predict Sec-dependent and Tat-dependent amino terminal signal peptide, respectively (Bagos et al. 2009 (Bagos et al. , 2010 . PRED-LIPO was used for prediction of lipoprotein signal peptide (Bagos et al. 2008) . The alternative software programs were accessed via the Computational Genetics Research Group at the Department of Computer Science and Biomedical Informatics (http://www.compgen.org/tools) at the University of Thessaly. The subcellular localization of uncharacterized proteins was predicted with TBPred designed for analysis of mycobacterial proteins (http://www.imtech.res.in/raghava/tbpred/) (Rashid, Saha and Raghava 2007) .
Gene enrichment analysis and functional annotation
The Universal Protein Resource (UniProt) database (http://www.uniprot.org/blast/) accession numbers were retrieved by BLAST analysis of protein sequences against the UniProt database (Suzek et al. 2015) . Gene enrichment analysis was performed using the database for annotation, visualization and integrated discovery (DAVID) (https://david.ncifcrf.gov/) for gene ontology (GO) terms and functional annotation clusters (Huang, Sherman and Lempicki 2009) . The significantly enriched (P < 0.05) GO biological process (BP), cellular component (CC) and molecular function (MF) were identified. The Pathosystems Resource Integration Center (PATRIC) database (https://www.patricbrc.org/) was used to identify essential and virulence genes as well as genes required for M. tuberculosis growth and survival within the host (Wattam et al. 2014) .
RESULTS AND DISCUSSION
Mycobacterium tuberculosis whole genome library
A whole genome XDR M. tuberculosis phage library was successfully constructed by the cloning of DNA fragment inserts into the pDJ01 phage display vector. The library size was ∼1.76 × 10 6 clones, exceeding the desired calculated size. Library diversity was confirmed on randomly selected clones by colony PCR ( Fig. 1 ) and sequence analysis of 15 clones (results not shown).
More than 90% of the library contained the M. tuberculosis DNA fragments. The library size was approximately 10-fold larger than that obtained by Liu et al. (2011) . This is probably due to the total genomic DNA and fragments sizes (150-1500 bp) used as compared to 300-1500 bp fragments in Liu et al. (2011) .
Mycobacterium tuberculosis phage secretome
Mycobacterium tuberculosis secrete proteins via classical (Sec-and Tat-dependent) and non-classical (Sec-independent) pathways. The classical pathway-secreted proteins must have the signal peptide sequence for successful secretion (Ligon, Hayden and Braunstein 2012) . In the present study, the signal peptide sequence and transmembrane helices are responsible for guiding the secretome to secretion and anchoring into the membrane for display on the phage surface, respectively (Gagic et al. 2016) . Therefore, successful display of M. tuberculosis peptide protein will require the DNA insert to encode for signal or transmembrane helices peptide and be cloned in-frame to the vector resulting in a stable phage particle. Some M. tuberculosis virulence factors are secreted through the non-classical type VII secretion pathway. Usually, the type VII secretion pathway substrates are secreted as complexes of two or more proteins as they need each other for successful translocation through membrane channels (Chen et al. 2013) . Even though some of the type VII secreted proteins will be inframe, these might not be displayed on the phage surface as their secretion partners required to form the complex will be missing. The surrogate E. coli used for phage display is not expected to mimic the M. tuberculosis type VII secretion pathway. This should limit the discovery of most type VII/ESX secretion substrates. However, the type VII secreted membrane proteins may find their way into the phage secretome via transmembrane helices directing membrane localization.
Generally, it is expected that approximately 1-2% of DNA inserts will be in-frame and result in sarcosyl-resistant phagemid particles (Jacobsson and Frykberg 2001) . Furthermore, some M. tuberculosis signal sequences may not function efficiently when expressed in E. coli (Smith 1985) , perhaps due to different codon usage and GC (guanine-cytosine) content (Poquet, Ehrlich and Gruss 1998) . Therefore, the majority of the M. tuberculosis DNA inserts will be packaged into sarcosyl-sensitive phagemid as they lacked in-frame signal sequence or encode some type VII secretion pathways proteins. In this study, the M. tuberculosis phage secretome sub-library of ∼8 × 10 3 clones was obtained from the DNA of sarcosyl-resistant phages ( Fig. 2A) . Colony PCR confirmed the presence of insert DNA in randomly selected clones (Fig. 2B) . Phage DNA from 120 randomly selected sub-library clones was sequenced using primers flanking the pDJ01 vector cloning site. Analysis of DNA sequences using CLC Workbench software demonstrated that 18% of sequences comprised repeat clones and 98 distinct DNA sequences were identified. BLAST analysis of distinct DNA sequences against the M. tuberculosis comparative database identified 86 corresponding ORFs and their protein sequences were retrieved for further analysis (see Table 1 in the Supplementary material available online).
Functional categories of identified proteins
All 86 proteins were assigned a functional category (see Table 2 in the online Supplementary material) as per the TubercuList database. The distribution of proteins to their functional category is presented in Fig. 3 . The majority of proteins (34/86) belong to the cell wall and cell processes category. The cell wall and cell processes proteins include two immunogenic proteins Mpt63 (Rv1926c) and Mpt64 (Rv1980c), two lipoproteins LpqX (Rv1228) and LprO (Rv0179c), metal cation transporter CtpH (Rv0425c), MmpL12 (Rv1522c) involved in fatty acid transport, EmbC (Rv3793), alanine-leucine rich (Rv2693c) and alanine-valine-leucine rich (Rv2729c) suspected to be involved in the active evasion of the host immune response. Two ESX-1 secretion system proteins EspA (Rv3616c) and the conserved component protein EccCa1 (Rv3870) were also associated with cell wall and cell processes.
There were 17 intermediary metabolism and respiration category proteins that include serine protease PepA (Rv0125), acyltransferase (Rv1254), putative ligase (Rv3712) and 4-hydroxy-2-oxovalerate aldolase (Rv3469c). Sixteen were conserved hypothetical proteins, including alanine-proline-rich protein (Rv1157c) and secreted protein Rv1268c. Eight lipid metabolism category proteins identified include the secreted Ag85B (Rv1886c), Ag85C (Rv0129c), peptide synthetase Nrp (Rv0101) and triacylglycerol synthase Tgs2 (Rv3734c). Other functional categorized proteins were four information pathways (Rv1700, Rv1981c, Rv3009c and Rv3646c); three PPE family proteins (PPE32, PPE43 and PPE54); two virulence, detoxification and adaptation proteins Rv1478 and Rv1566c, associated with host invasion; and one regulatory protein (Rv1267c). One unannotated protein, MT3042 was classified as a protein of unknown functional category.
Secretion signal peptide and cellular localization
Using different bioinformatics tools, the analysis of ORF protein sequences revealed Sec-and Tat-secreted proteins, membrane proteins and the secreted leaderless proteins. Twenty-seven proteins, including 12 membrane proteins, were predicted to harbor Sec-dependent N-terminal signal peptides by SignalP 4.1 and PRED-SIGNAL. Twenty-one proteins, including three membrane proteins Rv1230c, Rv3162c and Rv3395A, were predicted to contain a Tat signal peptide by TatP 1.0 and PRED-TAT. Twentyone proteins were predicted transmembrane proteins with 2-14 transmembrane helical structures by TMHMM 2.0 (Table 1) .
In this study, 32 identified leaderless proteins were analyzed using SecretomeP 2.0 and TBPred databases to predict their subcellular localization (Table 2) . Nine secreted proteins including two PPE proteins, were identified by SecretomeP 2.0, whilst 21 of the 23 remaining proteins were confirmed as either secreted, membrane or membrane attached proteins by TBPred. Interestingly, two proteins Rv3616c and Rv3703c were predicted to be cytoplasmic proteins by TBPred database (Table 2 ). Rv3616c encodes the indirect ESX-1 pathway substrate, EspA, which is associated with M. tuberculosis virulence (Garces et al. 2010) , whilst the Rv3703c gene is a member of the gene cluster or operon (Rv3704c-Rv3700c) responsible for ergothioneine (EGT) biosynthesis in M. tuberculosis (Glökler, Schütze and Konthur 2010) . EGT is a low-molecular weight protein essential for survival of M. tuberculosis in macrophages and is associated with antimycobacterial drug resistance (Glökler, Schütze and Konthur 2010; Xu et al. 2015) . The EGT synthesis gene cluster consists of EgtA, EgtB, EgtC, EgtD and EgtE, respectively. The involuntary prediction of the well-known ESX-1 substrate (Rv3616c) as a cytoplasmic protein suggests that Rv3703c may also be a secreted protein. Similarly, Jankovic et al. (2007) identified two peptides without membrane or signal peptide sequence but were shown to possess undetermined secretion directive. Therefore, further studies should be undertaken in order to establish subcellular localization of all EGT synthesis gene cluster members and determine their possible leakage or secretory pathway.
ESX proteins
The ESX-1 secretion system, that includes the secreted substrates ESAT-6 and CFP-10 virulence effectors, plays a critical role in M. tuberculosis pathogenicity (Simeone, Bottai and Brosch 2009) . Two ESX-1-associated proteins, EccCa1 and EspA, were identified in our study, but were not detected by Liu et al. (2011) . EccCa1 is a conserved membrane component of the ESX-1 secretion system that is required for substrate exportation (Abdallah et al. 2007 ). EspA lacks a signal peptide sequence and was determined to be a cytoplasmic protein (Rashid, Saha and Raghava 2007) . The gene (espA) encoding this protein is located within the esx-1 gene cluster (Abdallah et al. 2007 ). This protein is a member of ESX-1 substrates: EsxA (ESAT-6), EsxB (CFP-10), and EspA and EspB that require each other for successful secretion (Abdallah et al. 2007; Garces et al. 2010) . Upon secretion, EspA forms a disulfide-bonded homodimer that is important for functional integrity of the M. tuberculosis cell wall. EspA is the most important determinant of ESX-1-mediated virulence as its disruption resulted in significant attenuation of M. tuberculosis virulence in vivo. Not only does EspA 'guide' known virulence factors (ESAT-6 and CFP-10) through ESX-1 apparatus system proteins such as EccCa, but it also appears to regulate the activity of proteins interacting with the M. tuberculosis cell wall (Garces et al. 2010; Chen et al. 2013) . ESX-1 substrates, including ESAT-6, are responsible for the translocation of mycobacteria from the phagolysosome to the cytosol (Peng and Sun 2016) . Therefore, ESX-1 system proteins like EccCa1 and EspA are potential biomarkers that can be targeted for development of therapeutic interventions (Bottai et al. 2014 ) and diagnostic tools.
PE/PPE proteins
About 10% of the M. tuberculosis genome encodes two gene families, the pe and ppe genes (Cole et al. 1998) , totaling 99 and 69, respectively, in this pathogen (Gey van Pittius et al. 2006; Fishbein et al. 2015) . PE and PPE proteins are named after the proline (Pro) and glutamic acid (Glu), and Pro-Pro-Glu motifs near the N-terminus, respectively (Cole et al. 1998) . These proteins are involved in host-pathogen interactions and may be required for survival in vivo (Abdallah et al. 2006; Fishbein et al. 2015) . Species within the M. tuberculosis complex (MTBC), as well as the nontuberculosis mycobacteria such as M. leprae, M. marinum, M. ulcerans and M. avium harbor the highest numbers of pe/ppe genes. Fewer pe/ppe genes are found in non-pathogenic mycobacteria (Fishbein et al. 2015) . Nearly all PPE proteins are secreted through the specialized type VII (ESAT-6 like) secretion system (Abdallah et al. 2006 ). ESAT-6-like specialized secretion systems (ESX-1, ESX-2, ESX-3 and ESX-5) have been associated with secretion of PE and PPE proteins (Gey van Pittius et al. 2006 ). However, some PE and PPE proteins possess N-terminal signal peptide sequences for secretion (Forrellad et al. 2013) . In this study, three PPE proteins, PPE32, PPE43 and PPE54, were identified. PE/PPE proteins are categorized into five sublineages (I to V) according to their evolutional relationship (Gey van Pittius et al. 2006) . PPE32 and PPE43 belong to sublineage IV (Gey van Pittius et al. 2006) known to be secreted through the ESX-5 secretion system (Fishbein et al. 2015) . Interestingly, PPE32 has an N-terminal signal peptide for the Sec-dependent pathway. PPE43 and PPE54 lack a signal peptide sequence and were predicted to be extracellular proteins by SecretomeP. PPE54 belongs to the sublineage V and to the PPE˙MPTR (major polymorphic tandem repeats) subfamily of PPE proteins. Sublineage V is reportedly highly expressed during in vivo infection (Fishbein et al. 2015) , whilst PPE54 is expressed in guinea pig lungs (Kruh et al. 2010 ) and reported to be essential for in vitro growth (TubercuList). Most PPE protein functions remain unknown; however, establishing localization of these proteins could provide some important clues to their function. Therefore, based on our findings PPE32, PPE43 and PPE54 are extracellular proteins that are either surface membrane attached or released proteins, and thus, may be directly involved in host-pathogen interaction.
Gene enrichment analysis
Gene ontology terms and functional annotation clusters with P-value < 0.05 were enriched using the DAVID database. The BP term significantly enriched (P = 0.04) for five proteins (Erm(37), EmbC, Ag85B, Ag85C and Rv1634) was response to antibiotic. The CC significantly enriched term (P = 0.00) for 28 genes was extracellular region. The CC-enriched genes encoded for hypothetical proteins, immunogenic proteins such as MPT63 and MPT64, antigenic proteins MPT53 and CFP2, and proteins with some enzyme activity. The MF significantly enriched (P = 0.01) term for four genes (Ag85B, Ag85C, Rv0192 and LdtA) was transferase activity (Table 3 in the online Supplementary material gives a list of significantly enriched genes).
The DAVID functional annotation clustering of gene list resulted in two significantly enriched annotation clusters. Annotation clusters provides an overview of functions-associated related proteins within the gene list. Cluster 1 contain 26 transmembrane/membrane-enriched proteins (P-value of 0.02-0.04) and cluster 2 contain eight proteins (NuoF, DesA1, GltB, EtgB, NarG, NrdF1, SirA and Rv0203) involved in iron binding with a P-value of 0.01. Therefore, enrichment of GO terms and functional annotation clustering suggest that our M. tuberculosis phage secretome library is rich in transmembrane, surface membrane and extracellular proteins. These membrane and extracellular proteins include essential proteins required for in vivo growth and virulence behavior by assisting pathogens to acquire nutrients and navigate therapeutic interventions.
It is worth noting that only 85 of 86 proteins were analyzed by the DAVID database. MT3042 was excluded from analysis and labelled as an unknown protein. This could be due to fact that the DAVID analysis was based on background M. tuberculosis H37Rv.
Essential mycobacterial proteins
Mycobacterium tuberculosis-secreted proteins play an important role in host-pathogen interaction and facilitate nutrient acquisition, navigate the host immune response and interfere with therapeutic intervention. Therefore, the M. tuberculosis secretome consists of proteins essential for successful invasion and in vivo growth during host infection. PATRIC is the bacterial bioinformatics resource center with curated and consistently annotated literature-based data with 7941 M. tuberculosis genome sequences (Wattam et al. 2014) . In the search for unique M. tuberculosis-secreted protein biomarkers, the PATRIC database was used to identify virulence factors and essential proteins.
Of 86 proteins in our list, 19 proteins were identified virulence factors (Table 3 ). The virulence factors included two cell wall proteins (Ag85B and Ag85C), three intracellular survival proteins (Rv1478, UvrA and AceAb), three proteins involved in modulation of the host immune response (Rv1813c, MPT64 and NrdF1) and seven virulence-associated proteins (Nrp, Cut2, SirA, Rv2693c, Rv3103c, SapM, EspA and EccCa1). The other virulence factor proteins were PepD, a chaperone, NarG for anaerobic respiration, and PPE54, which affects the phagosome.
Mycobacterium tuberculosis essential proteins are ideal targets for the development of diagnostic tools and new drugs because of their key role in in vivo bacterial survival and growth. Therefore, identifying essential M. tuberculosis proteins required for growth and survival in the infected host could lead to the discovery of potentially useful biomarkers. Using the PATRIC database, 10 essential proteins were identified, 5 membrane proteins (PssA, MmpL5, GatB, EccCa1 and Rv1634) and 5 secreted proteins (Nrp, SirA, EspA, TopA and Rv3103c). Two proteins are responsible for antibiotic resistance (MmpL5 and Rv1634) and one (PssA) is a drug target (Table 4) . Generally, bacteria release their membrane proteins into the external environment as a means of membrane surface maintenance (Antelmann et al. 2001) . Therefore, membrane proteins PssA, MmpL5, GatB, EccCa1 and Rv1634 will be valuable potential diagnostic biomarkers, since they could be found present in the body fluid of TB-infected patients. Hence, these biomarkers have the potential to determine disease stages as it is expected that membrane proteins could be released from the bacterial cell surface at an advanced stage of growth. There is limited literature on MT3042, the 82 amino acid protein. According to the PATRIC database, MT3042 is a hypothetical protein annotated in the M. tuberculosis CDC1551 genome sequence. Further studies are required to investigate the prevalence and expression of MT3042 among the M. tuberculosis clinical strains.
CONCLUSIONS
In this study, we report an elegant and efficient in vitro approach for the selective extraction of secretome genetic information from the extensively drug-resistant M. tuberculosis. This genetic information can be used to identify secreted protein ORFs and allow further secretome-specific in silico characterization. Using this approach, more than 95% of identified ORFs were confirmed as M. tuberculosis secretory or surface membrane proteins using different bioinformatics tools. Furthermore, M. tuberculosis virulence factor and essential proteins that are a prerequisite for growth and survival during infection were identified. We identified 10 essential proteins, Nrp (Rv0101), PssA (Rv0436c), MmpL5 (Rv0676c), SirA (Rv2391), GatB (Rv3009c), EspA (Rv3616c), TopA (Rv3646c), EccCa1 (Rv3870), Rv1634 and Rv3103c. The essential proteins have potential application in the development of diagnostic tools, new drugs and vaccines. Future studies should investigate the suitability of all 10 essential proteins as potential M. tuberculosis infection-specific biomarkers for the development of rapid point-of-care antigen detection tests.
Our findings complement the study by Liu et al. (2011) and support the use of phage display in the study of the M. tuberculosis clinical strains secretome for biomarker discovery. Future studies using M. tuberculosis phage secretome libraries should aim to identify useful protein epitopes unique to MDR and XDR strains for use in the design of vaccines, drugs and diagnostic tools.
